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Fatigue crack detection using structural nonlinearity reflected on linear ultrasonic features This paper theoretically and experimentally demonstrates that (1) a localized nonlinear mechanism such as a fatigue crack not only generates nonlinear modulations or harmonics, but also reduces the amplitudes of the linear responses at the excitation frequencies, (2) the energy in the linear responses is partially transmitted to the nonlinear components in the presence of structural nonlinearity, and (3) the amplitude reduction of the linear responses is larger than the amplitude increase of the nonlinear components. In addition, a baseline-free fatigue crack detection technique is proposed considering the additional amplitude reduction of the linear components due to nonlinear ultrasonic modulation. 
I. INTRODUCTION
A fatigue crack is one of the primary culprits for the failure of metallic structures. It is estimated that up to 90% of failures of in-service metallic structures are the result of fatigue cracks that are initiated from a damage precursor at an unperceivable level when the material is subjected to repeated loading. 1 The precursor can often continue to grow to a critical point at an alarming rate without sufficient warning, leading to catastrophic consequences. Generally, it is known that a fatigue crack often becomes conspicuous only after the crack reaches about 80% of the total fatigue life for most metallic materials. 2 Conventional linear ultrasonic techniques focus on the linear property modifications of ultrasonic waves at a defect, such as scattering and mode conversion, for crack detection. However, these linear features are reported to be insensitive to fatigue cracks until they become visibly large. 3 To tackle the limitation of these linear techniques, a number of researchers have turned to the development of nonlinear ultrasonic techniques, which look for nonlinear characteristics such as harmonics and modulations created by fatigue cracks. 4 The sensitivity of the nonlinear ultrasonic techniques to fatigue cracks has been shown to be far better than that of the linear ones. 5 This paper theoretically and experimentally demonstrates that (1) a fatigue crack reduces the amplitudes of the linear responses and generates nonlinear modulations or harmonics, (2) the energy of harmonic or modulation components are partially transmitted from the linear responses in the presence of structural nonlinearity, and (3) the amplitude reduction of the linear responses is larger than the amplitude increase of the harmonics and modulation components. The uniqueness of this study is due to (1) the detection of fatigue cracks using structural nonlinearity reflected on linear ultrasonic responses, (2) the demonstration of larger amplitude reduction of the linear response than the nonlinear components generation, and (3) the potential for baseline-free damage detection without using baseline data obtained from an intact condition of the target structure.
II. THEORETICAL DERIVATIONS
When two longitudinal plane waves a and b at distinctive frequencies x a and x b (x a < x b ) with amplitudes A 0 and B 0 are applied to an intact (linear) structure in the z direction, the displacement of the input waves (u 0 ) become
where j a and j b are the wavenumbers of waves a and b, respectively. Here, instinct material nonlinearity of the structure is omitted because this nonlinear effect is much smaller than the nonlinearity produced by a localized fatigue crack. 6 The stress induced by the input waves (r 0 ) can be written as
where
and E 0 is the Young's modulus of the intact structure. When a localized fatigue crack is introduced to the structure at z 0 and it is assumed that the average Young's modulus is locally reduced from E 0 to E and the instantaneous Young's modulus at z 0 , E 1 ðz 0 ), fluctuates around this reduced Young's modulus in proportion to the amplitude of the applied wave at the crack location, 7 then
where c is the nonlinear elastic constant (c ¼ aE 0 , 0 a < 1), Eðz 0 Þ is the average Young's modulus after a)
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 143.248.122.199 On: Thu, 08 Sep fatigue crack formation at z 0 , and a is the nonlinear coefficient for representing the nonlinearity due to the localized fatigue crack. The max operation in Eq. (4) finds the maximum strain induced by the input waves at the crack location. The stress induced by the input waves at the crack location, r 1 , can be written as
By substituting Eq. (1) into Eq. (5), the stress at the crack location induced by the input waves is obtained
where r L 1 , r H 1 , and r M 1 are the linear components at x a and x b , the nonlinear harmonic components at 2x a and 2x b (second harmonics) and the nonlinear modulation components at x a 6x b (first sidebands), respectively. Each term can be written as
and
Eqs. (7), (9), and (11) show that the energy of the linear components is transmitted to the harmonic and modulation components at the presence of structural nonlinearity. An identical phenomenon is hypothesized and experimentally reported by Fierro and Meo. 8 In reality, the energy reduction of the linear components will be more than the energy gained at the second harmonics and the modulation, because there are additional higher order harmonics and modulation components left out from Eqs. (9) and (11). Therefore, the amplitude reduction of the linear components will be larger than the amplitude increase of the harmonic and modulations components. Using a more complex crack model with additional square and cubic terms in Eq. (4), the contributions of higher order harmonics and modulations terms can be considered. However, only the second harmonic and the first modulation terms are considered in Eq. (4) for simplicity. Note that the amplitude reduction of the linear components and the subsequent amplitude increase of the nonlinear components occur only when the Binding Conditions (BCs) are satisfied. When the BCs are not matched, @u 0 ðz 0 Þ=@z become zero and r 1 goes back to r 0 .
III. EXPERIMENTAL VALIDATION
For the experiments, an aluminum (6061-T6) plate specimen was fabricated as shown in Fig. 1 . A fatigue crack was introduced to the specimen by applying 80 000 cycles of 4-40 kN (R ¼ 0.1) tensile loading with a 10 Hz cycle rate using a universal testing machine. The fatigue crack initiated from the hole at the center of the specimen and grew up to 25 mm long and 15 lm wide. Three identical APC850 (Navy II type) Piezoelectric lead zirconate titanates (PZTs) with 10 mm diameter and 0.5 mm thickness were installed on the specimen. PZTs A and B were used for the generation of low frequency (LF) and high frequency (HF), respectively. The response was measured at PZT C. A data acquisition system consisting of two arbitrary waveform generators and a high speed digitizer was used. LF and HF inputs had maximum peak-to-peak voltages of 40 V and 20 V, respectively. Considering the BCs, x a and x b were set to 33 kHz and 184 kHz so that the S0 mode became dominant. 10 ms toneburst signals, which are single frequency signals enveloped by a Gaussian window function, were applied for wave generation. The inputs were converted to analog signals with a 1 MHz conversion rate, and the responses were measured simultaneously at a 1 MHz sampling rate with 10 times averaging.
First, the baseline data are obtained from the intact specimen by applying LF and HF inputs to the specimen at the same time. After introducing a fatigue crack, test data are obtained by applying LF and HF inputs simultaneously. The responses obtained from each specimens are presented in Fig. 2 . To display both linear and nonlinear components clearly, the amplitudes are plotted in log scale (dB). It is shown that the second harmonic and first sideband components are generated due to crack formation. Fig. 3 shows that the fatigue crack not only generates nonlinear harmonic and modulation components, but also reduces the amplitudes of the linear responses at the excitation frequencies. That is, the energy in the linear responses is partially transmitted to the harmonic or modulation components in the presence of structural nonlinearity. The amplitude reduction of the linear components is 4.8 and 10.6 times larger than the amplitude increases of the harmonic and modulation components, respectively. Therefore, the amplitude reduction of the linear responses is more sensitive to a fatigue crack than the amplitude increase of the harmonics and modulation components.
To investigate the effect of the BCs on the linear component reduction, five different combinations of LF and HF inputs as shown in Table I are applied to the damage structure. Here, S0 and A0 are the fundamental symmetric and antisymmetric modes of Lamb waves, which propagate through plate-like structures. S modes have "symmetric" profiles through the thickness direction and in-plane dominant motion. On the other hand, A modes have "anti-symmetric" mode shapes in the thickness direction and dominant motions in the out-of-plane direction. 9 The normalized reduction of the linear components, ½ðA 
IV. POTENTIAL FOR A BASELINE-FREE FATIGUE CRACK DETECTION TECHNIQUE
Up to this point, the presence of a fatigue crack is identified by comparing the test data with the baseline data obtained from the pristine condition of the structure. Meanwhile, the additional amplitude reduction due to modulation occurs only when ultrasonic waves at two distinct frequencies are applied simultaneously. The potential for identifying the fatigue crack without relying on the baseline data is explored by collecting test data from two different excitation conditions: (1) separate application of LF and HF inputs, and (2) simultaneous application of LF and HF inputs. When LF and HF inputs are separately applied to the damage structure and the BCs are matched, the total stresses induced by input wave at the crack location can be written as 
and r H 2 is defined as follows:
Comparison of Eqs. (14) and (15) with Eqs. (7) and (8) reveals that (1) the amplitude reduction of the linear components is larger when both input signals are applied simultaneously than when applied separately, and (2) this additional amplitude reduction of the linear components 2aA L 0 B L 0 , which is called the Additional Linear Amplitude Reduction caused by Modulation (ALARM) hereafter, is the result of the modulation and occurs only when two input signals are applied concurrently. Now, baseline-free fatigue crack detection can be performed by tracing only this ALARM produced by modulation without resorting to the baseline data from the intact condition of the structure.
In practice, because the exact BCs are either unknown or continuously vary, the values of x a and x b can be swept for certain ranges to increase the probability of fatigue crack detection. 
V. CONCLUSION
In this paper, it is theoretically and experimentally demonstrated that (1) the energy of the linear responses at two distinctive input frequencies is partially transmitted to the harmonic or modulation components created in the presence of structural nonlinearity and (2) the amplitude reduction of the linear responses can also be used for fatigue crack detection with a higher sensitivity than the harmonic and modulation components. In addition, a baseline-free fatigue crack detection technique is developed using the additional amplitude reduction of the linear components caused only by modulation. 
